**Advances in Knowledge**

1.  *- This study found iron deficiency to be significantly more prevalent among children with cyanotic congenital heart disease (CCHD) compared to a matched control group*.

2.  *- No cases of iron deficiency were noted among children in the control group according to the criteria of the World Health Organization; however, latent iron deficiency was more common in the control group*.

**Application to Patient Care**

1.  *- Based on these findings, periodic serum iron status assessment and treatment is recommended for children with CCHD in this setting*.

2.  *- As children of both groups were found to have latent iron deficiency, routine counselling would also be beneficial for the caregivers of children to stress the importance of iron-rich foods and meal fortification*.

Cyanotic congenital heart disease (CCHD) is characterised by hypoxia resulting in physiologically-increased erythropoiesis which, if unabated, leads to iron deficiency.[@b1-squmj1911-e345-351] This predisposes children to growth retardation, impaired immune function, delayed behavioural, mental and psychomotor development and decreased work capacity.[@b2-squmj1911-e345-351]--[@b5-squmj1911-e345-351] The extreme manifestation of iron deficiency is an anaemic state.[@b6-squmj1911-e345-351] However, the clinical detection of anaemia based on pallor is hampered by the occurrence of hypoxia-induced polycythaemia in CCHD.[@b7-squmj1911-e345-351] Laboratory tests and periodic screening are therefore mandatory for diagnosis.[@b8-squmj1911-e345-351]

Overall, CCHD accounts for an estimated third of congenital heart disease cases.[@b9-squmj1911-e345-351] Treatment is usually surgical, with the cost of repair ranging from \$10,000--\$50,000 USD, depending on setting.[@b10-squmj1911-e345-351] Unfortunately, this is often beyond the economic means of the average Nigerian family; as such, surgical correction of the defect is usually delayed due to financial constraints.[@b10-squmj1911-e345-351],[@b11-squmj1911-e345-351] Accordingly, CCHD-related comorbidities such as iron deficiency should be treated promptly to improve clinical outcomes in affected children. However, there is a paucity of local studies on the iron status of Nigerian children with CCHD, particularly in settings where iron deficiency and iron deficiency anaemia are reportedly common.[@b11-squmj1911-e345-351]--[@b13-squmj1911-e345-351] A recent study reported that the prevalence of iron deficiency among children with CCHD in Ibadan, Nigeria, was high (35%).[@b11-squmj1911-e345-351]

Conventional tests for iron deficiency such as mean corpuscular volume, serum ferritin levels and transferrin saturation (TSAT) have limited value due to varying sensitivities and specificities, especially as results may be affected by acute or chronic inflammatory conditions, genetic polymorphisms and sickle cell disease states.[@b12-squmj1911-e345-351],[@b14-squmj1911-e345-351],[@b15-squmj1911-e345-351] Other researchers have also reported that expected microcytic, hypochromic and erythrocyte findings are often absent in cyanotic patients with iron deficiency.[@b16-squmj1911-e345-351] This study aimed to assess serum iron status and the prevalence of iron deficiency among children with CCHD in Lagos, Nigeria, in comparison to a matched control group. The research questions for the study were: (1) what is the prevalence of iron deficiency in children with cyanotic congenital heart disease; and (2) what is the prevalence of iron deficiency anaemia in children with cyanotic congenital heart disease. The null hypotheses were: (1) there is no statistically significant difference between the prevalence of iron deficiency in children with cyanotic congenital heart disease and those of the appropriate age- and gender-matched controls; and (2) there is no statistically significant difference between the prevalence of iron deficiency anaemia in children with cyanotic congenital heart disease and those of the appropriate age- and gender-matched controls. These findings are expected to increase awareness regarding the need for routine monitoring and prompt treatment, thereby reducing morbidity in this patient group.

Methods
=======

This cross-sectional case-control study was carried out between May and October 2015 at the Department of Paediatrics at Lagos State University Teaching Hospital which is an urban tertiary healthcare centre in Ikeja, Lagos, Nigeria. A total of 150 children were recruited consecutively over the six-month period, including 75 consecutive children with CCHD and 75 control subjects matched for age, gender and socioeconomic status. Classification and matching for the latter variable was performed according to previous research.[@b17-squmj1911-e345-351]

The estimated sample size was determined according to the following equation for comparative studies:[@b18-squmj1911-e345-351]
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where *Z*~α~ is the normal standard deviation corresponding to a 95% confidence interval (1.96), *Z*~β~ is the power set at 80% (0.84), *p* is the average of previously reported prevalence rates of iron deficiency in children with CCHD (16.9%) and controls (27.5%) and *d* is the minimum difference to be detected by the study (20%).[@b19-squmj1911-e345-351] This calculation resulted in a minimum of 67 subjects; however, as the non-response rate was set at 10%, the final number of subjects was calculated to be 74. This was then rounded up to 75 subjects for ease of calculation, each of whom were subsequently matched for age, gender and socioeconomic class with a control subject.

In terms of inclusion criteria, the case group included patients diagnosed with echocardiography-confirmed CCHD attending the outpatient paediatric cardiology clinic who had not undergone corrective surgery and who were between six months and 12 years old. Only subjects who had had no symptoms or signs attributable to an acute illness within the preceding four weeks were included in the study. Children who had undergone a partial exchange transfusion, blood transfusion or repeated phlebotomy in the past three months were excluded, as well as those who had received iron supplementation prior to recruitment or had been diagnosed with sickle cell anaemia or other chronic illnesses. The control group comprised of apparently healthy children recruited from general outpatient clinics and other specialty clinics within the same age range. Children were deemed healthy if they had had no symptoms or signs attributable to illness within the preceding four weeks.

Children in both the case and control groups underwent venepuncture performed according to the guidelines of the World Health Organization (WHO).[@b20-squmj1911-e345-351] An LH 750 Hematology Analyser (Beckman Coulter Inc., Brea, California, USA) was used to perform an automated complete blood count using whole blood samples with ethylenediaminetetraacetic acid added. Serum ferritin levels were measured using a human ferritin enzyme immunoassay test kit with a calibration range of 0--800 ng/mL (Ferritin AccuBind ELISA Kit, Monobind Inc., Lake Forest, California, USA). Serum iron levels and total iron-binding capacity (TIBC) were measured using a reagent set (TECO Diagnostics, Anaheim, California, USA). Unsaturated iron-binding capacity was determined by adding ferrous iron ions to the serum so that they would bind to transferrin at unsaturated binding sites.[@b21-squmj1911-e345-351]

As per the WHO criteria, a diagnosis of iron deficiency was defined according to cut-off serum ferritin levels of \<12 ng/L or \<15 ng/L for children aged \<5 years old and ≥5 years old, respectively.[@b8-squmj1911-e345-351] In turn, iron deficiency anaemia was diagnosed for subjects with serum ferritin levels of \<12 ng/L or \<15 ng/L for children aged \<5 years old and ≥5 years old, respectively, in the presence of haemoglobin concentrations at least two standard deviations below that of the normal population at the same age.[@b22-squmj1911-e345-351]

All data collected were stored on a personal computer. Statistical analysis was performed using an Excel spreadsheet, Version 2010 (Microsoft Inc., Redmond, Washington, USA) and the Statistical Package for the Social Sciences (SPSS), Version 20.0 (IBM Corp., Armonk, New York, USA). Means, medians, standard deviations and ranges were calculated for continuous variables, while categorical variables were represented as frequencies and percentages. Continuous variables were compared using a Student's t-test, while categorical variables were compared with Fisher's exact test. A Kolmogorov-Smirnov nonparametric test was used to determine the normality of continuous data; subsequently, a Student's t-test was used to compare normally-distributed data, while a Mann-Whitney U test was used for skewed or non-normally distributed data. The degree of agreement between different methods used to evaluate the same parameter was estimated using Kappa statistics. A *P* value of 0.050 was deemed statistically significant.

Ethical approval for this study was obtained from the Ethics Committee of Lagos State University Teaching Hospital (LREC/10/06/398). Written informed consent was obtained from the parents/caregivers of participants. Moreover, all children found to be iron-deficient during the course of the study received prompt and appropriate treatment.

Results
=======

This study included 150 children, of which 75 were CCHD patients and 75 were apparently healthy controls \[[Equation 1](#fd1-squmj1911-e345-351){ref-type="disp-formula"}\]. The mean age of the children was 47.5 ± 2.9 months (range: 6--144 months old). In terms of age distribution, 26 children with CCHD (34.7%) were \<24 months old, 30 (40%) were between 24--59 months old and 19 (25.3%) were ≥60 months old. As the controls were age-matched, there were equal numbers of children in each age group in the control group. In the CCHD group, Tetralogy of Fallot (TOF) was the most common heart lesion (52%), followed by double-outlet right ventricle (DORV; 12%). The least common diagnoses were Ebstein anomalies and complex heart disease (1.3% each) \[[Table 1](#t1-squmj1911-e345-351){ref-type="table"}\]. Although all of the study population had normal haemoglobin concentrations, mean haemoglobin concentrations were significantly higher among children with CCHD compared to those in the control group (13.8 ± 3.9 g/dL versus 10.3 ± 0.8 g/dL; *P* \<0.001).

Mean serum iron, serum ferritin, TIBC and TSAT values were compared between children with CCHD and apparently healthy controls according to age group. Among children aged 6--23 months, mean serum iron levels were significantly lower in the CCHD group compared to the control group (162.8 ± 10.8 μg/dL versus 171.6 ± 5.6 μg/dL; *P* \<0.001); a similar finding was documented for TSAT (48.7 ± 24.9% versus 52.6 ± 15.0%; *P* = 0.040). However, there were no significant intergroup differences regarding mean TIBC and serum ferritin levels \[[Table 2](#t2-squmj1911-e345-351){ref-type="table"}\].

For the 24--59-month-old age group, serum iron levels were also significantly lower in the CCHD group compared to controls (167.7 ± 39.7 μg/dL versus 169.7 ± 7.3 μg/dL; *P* \<0.001), although none of the other biochemical parameters were significantly different between the CCHD and control groups \[[Table 3](#t3-squmj1911-e345-351){ref-type="table"}\]. Similar findings were noted for 60--144-month-old children, with serum iron levels significantly reduced in the CCHD group (163.1 ± 5.6 μg/dL versus 169.6 ± 10.3 μg/dL; *P* = 0.001), while none of the other biochemical parameters differed significantly \[[Table 4](#t4-squmj1911-e345-351){ref-type="table"}\].

The prevalence rates of frank and latent iron deficiency are shown in [Figure 1](#f1-squmj1911-e345-351){ref-type="fig"}. Overall, seven (9.3%) children with CCHD had an iron deficiency whereas iron deficiency was not documented among the control group (9.3% versus 0%; *P* = 0.006). In contrast, latent iron deficiency was found to be more common in controls compared to subjects with CCHD; however, this difference was not significant (13.3% versus 9.3%; *P* = 0.303). No cases of iron deficiency anaemia were documented in the study population in either group. In terms of specific heart diseases, three (7.7%) out of 39 children with TOF, two (33.3%) out of six with TGA and one (11.1%) out of nine with DORV were iron-deficient. The remaining iron-deficient child was the only patient with an Ebstein anomaly. With regards to age, iron deficiency occurred in five (8.9%) out of 56 and two (10.5%) out of 19 children who were \<5 and ≥ 5 years old, respectively.

In the CCHD group, mean serum ferritin levels were significantly lower in iron-deficient subjects compared to those who were iron-sufficient (7.7 ± 4.6 ng/dL versus 84.0 ± 11.7 ng/dL; *P* \<0.001), while the mean TIBC was significantly higher in iron-deficient subjects (479.5 ± 98.7 μg/dL versus 377.2 ± 104.7 μg/dL; *P* = 0.017). However, there was no significant difference in mean serum iron levels and TSAT between iron-deficient and iron-sufficient children with CCHD \[[Table 5](#t5-squmj1911-e345-351){ref-type="table"}\].

Discussion
==========

The overall prevalence of iron deficiency among children with CCHD in the current study was 9.3%. Other researchers have reported comparable prevalence rates of 12.5% and 16.9% in Italy and Kenya, respectively.[@b19-squmj1911-e345-351],[@b23-squmj1911-e345-351] Similarities in these rates may be related to the age groups of the targeted populations, as both of the aforementioned studies recruited children up to 12 years of age.[@b19-squmj1911-e345-351],[@b23-squmj1911-e345-351] However, much higher rates have been reported in Turkey (52.5--63.6%).[@b24-squmj1911-e345-351],[@b25-squmj1911-e345-351] This may again be due to population variation, as iron deficiency is reportedly higher in children under five years.[@b13-squmj1911-e345-351] Nevertheless, when the analysis in the present study was limited to under-five-year-olds, the prevalence rate was 8.9%, which is still much lower than that reported in Turkey.[@b24-squmj1911-e345-351],[@b25-squmj1911-e345-351]

Aside from methodological differences, other explanations for differing prevalence rates may be due to local geographical and nutritional factors beyond the scope of the present study. It is unlikely that the difference is due to the specific CCHD type, as both the current study and previous studies reported similar frequencies of various heart lesions.[@b22-squmj1911-e345-351]--[@b25-squmj1911-e345-351] In the present study, the spectrum of CCHD followed expected patterns, with TOF accounting for more than half of all patients. Other heart diseases identified were consistent with those reported in previous research from Nigeria.[@b26-squmj1911-e345-351]

Although the prevalence of iron deficiency among children with CCHD was low in the present study, it was still significantly higher than that noted among the age-, gender- and socioeconomically-matched controls, in whom no documented case of iron deficiency was observed. This finding supports the theory that chronic hypoxia results in increased haemopoiesis and iron depletion in children with CCHD.[@b7-squmj1911-e345-351] Nevertheless, it is worth noting that even though none of the control group met the WHO criteria for diagnosing frank iron deficiency, latent iron deficiency was more frequently diagnosed in this group compared to the CCHD group (13.3% versus 9.3%).

Frank and latent iron deficiency refer to the progressive depletion of iron stores on a continuum. The deterioration of iron status from iron sufficiency to latent deficiency has been demonstrated in a longitudinal study of patients with CCHD.[@b24-squmj1911-e345-351] It is therefore pertinent to address the importance of iron fortification in the general population and iron supplementation in iron-deficient children with CCHD. Such measures will help to reduce the morbidities to which children with iron deficiency are predisposed, including growth retardation, impaired immune function, impaired behavioural, mental and psychomotor development and decreased work capacity.[@b2-squmj1911-e345-351]--[@b5-squmj1911-e345-351]

In the present study, children with CCHD had significantly higher mean haemoglobin concentrations in comparison to healthy controls. This finding is in line with previous research.[@b11-squmj1911-e345-351] An uncorrected congenital cyanotic heart lesion keeps the body in a state of constant hypoxia.[@b27-squmj1911-e345-351] Hypoxia, in turn, triggers the physiological release of erythropoietin which stimulates the bone marrow to produce more erythrocytes, leading to an increase in oxygen-carrying capacity.[@b28-squmj1911-e345-351] Moreover, mean serum iron levels in the current study were significantly lower in the CCHD group compared to the controls, regardless of age. Previously documented studies have reported similar findings.[@b5-squmj1911-e345-351],[@b24-squmj1911-e345-351]

In CCHD, low serum iron levels can be explained by the presence of hypoxaemia in which adaptive mechanisms increase the delivery of oxygen to the tissue, resulting in a rightward shift in the oxygen-haemoglobin dissociation curve. Persistent hypoxia and the corresponding increase in red cell mass place a continuous demand on iron stores, predisposing children with CCHD to iron deficiency.[@b27-squmj1911-e345-351] Mean TIBC values were also higher in the present study among iron-deficient compared to iron-sufficient children with CCHD; Soliman *et al*. reported similar findings.[@b2-squmj1911-e345-351] As a parameter, TIBC indicates the maximum amount of iron needed to saturate transferrin, the primary protein involved in iron transport.[@b6-squmj1911-e345-351] Thus it is not surprising that mean TIBC is higher in the presence of iron deficiency.

The findings of the current study answered the previously posed research questions. There was a significant difference in the number of CCHD cases with iron deficiency compared to the controls, allowing for the rejection of the null hypothesis proposed for the first research question. Moreover, a pattern suggestive of progressive iron depletion was observed, with patients manifesting both latent and frank iron deficiency. However, none of the subjects had iron deficiency anaemia; hence, the null hypothesis can be accepted for the second research question.

This study was subject to certain limitations. C-reactive protein, a marker of inflammation was not measured; this could have been a confounding cause of elevated serum ferritin. However, efforts were made to exclude subjects with symptoms and or signs of infections within four weeks preceding the study. In addition, it would have been ideal to perform bone marrow aspiration, which is the gold standard test for iron deficiency, however the invasive nature of this procedure was not feasible, acceptable or costeffective in the present study.

The current study was able to demonstrate the occurrence of iron deficiency in subjects with CCHD and document the presence of latent iron deficiency in children with CCHD and apparently healthy controls. This emphasises the need for periodic iron status checks of these children and nutritional counselling for parents of children attending the Lagos State University Teaching Hospital.

Conclusion
==========

In Lagos, Nigeria, the prevalence of iron deficiency among children with CCHD was 9.3%. Routine serum iron status assessment should therefore be carried out periodically in this setting, with those children found deficient referred for treatment. Latent iron deficiency was also fairly common among both CCHD subjects and apparently healthy controls. Accordingly, parents and caregivers should be routinely counselled on the importance of iron-rich foods and the benefits of meal fortification, regardless of disease status.
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![Prevalence of iron deficiency among children with cyanotic congenital heart disease and age-matched controls in Lagos, Nigeria (N = 150).\
*CCHD = cyanotic congenital heart disease*.](squmj1911-e345-351f1){#f1-squmj1911-e345-351}

###### 

Frequency of heart lesions among children with cyanotic congenital heart disease in Lagos, Nigeria (N = 75)

  Lesion                          n (%)
  ------------------------------- ---------
  Tetralogy of Fallot             39 (52)
  Double-outlet right ventricle   9 (12)
  TGA                             6 (8)
  Critical pulmonary stenosis     4 (5.3)
  Eisenmenger complex             4 (5.3)
  Pulmonary atresia with VSD      4 (5.3)
  *Truncus arteriosus*            3 (4)
  Tricuspid atresia               2 (2.7)
  TAPVC                           2 (2.7)
  Ebstein anomaly                 1 (1.3)
  Complex heart disease           1 (1.3)

TGA = transposition of the great arteries; VSD = ventricular septal defect; TAPVC = total anomalous pulmonary venous connection.

###### 

Iron status parameters among 6--23-month-old children with cyanotic congenital heart disease and age-matched controls in Lagos, Nigeria (N = 52)

  Parameter                 Mean ± SD; median (range)             Z score                              *P* value[\*](#tfn3-squmj1911-e345-351){ref-type="table-fn"}   
  ------------------------- ------------------------------------- ------------------------------------ -------------------------------------------------------------- -----------------------------------------------------------
  Serum iron in μg/dL       162.8 ± 10.8; 166.4 (130.3--175.9)    171.6 ± 5.6; 173.9 (154.8--176.4)    3.555                                                          \<0.001[†](#tfn4-squmj1911-e345-351){ref-type="table-fn"}
  Serum ferritin in ng/dL   80.4 ± 56.3; 62.0 (2.0--200.0)        52.5 ± 27.2; 43.0 (18.0--110.0)      1.678                                                          0.093
  TIBC in μg/dL             379.8 ± 111.5; 414.2 (111.7--579.3)   351.7 ± 98.4; 344.8 (182.8--577.8)   1.206                                                          0.228
  TSAT in %                 48.7 ± 24.9; 39.4 (30.2--149.9)       52.6 ± 15.0; 50.8 (29.9--91.2)       2.050                                                          0.040[†](#tfn4-squmj1911-e345-351){ref-type="table-fn"}

SD = standard deviation; CCHD = cyanotic congenital heart disease; TIBC = total iron-binding capacity; TSAT = transferrin saturation.

Using a Mann-Whitney U test.

Statistically significant at P \<0.050.

###### 

Iron status parameters among 24--59-month-old children with cyanotic congenital heart disease and age-matched controls in Lagos, Nigeria (N = 60)

  Parameter                 Mean ± SD; median (range)            Z score                              *P* value[\*](#tfn6-squmj1911-e345-351){ref-type="table-fn"}   
  ------------------------- ------------------------------------ ------------------------------------ -------------------------------------------------------------- -----------------------------------------------------------
  Serum iron in μg/dL       167.7 ± 39.7; 161.4 (141.4--357.6)   169.7 ± 7.3; 170.7 (148.0--179.4)    3.818                                                          \<0.001[†](#tfn7-squmj1911-e345-351){ref-type="table-fn"}
  Serum ferritin in ng/dL   61.9 ± 52.1; 39.0 (2.0--205.0)       87.7 ± 63.2; 4.0 (12.0--220.0)       1.504                                                          0.133
  TIBC in μg/dL             392.1 ± 98.1; 396.1 (209.9--500.5)   352.5 ± 81.5; 338.8 (224.3--582.1)   1.637                                                          0.102
  TSAT in %                 45.3 ± 14.0; 40.9 (26.1--80.0)       60.4 ± 10.9; 50.7 (30.3-- 76.1)      1.904                                                          0.057

SD = standard deviation; CCHD = cyanotic congenital heart disease; TIBC = total iron-binding capacity; TSAT = transferrin saturation.

Using a Mann-Whitney U test.

Statistically significant at P \<0.050.

###### 

Iron status parameters among 60--144-month-old children with cyanotic congenital heart disease and age-matched controls in Lagos, Nigeria (N = 38)

  Parameter                 Mean ± SD; median (range)             Z score                              *P* value[\*](#tfn9-squmj1911-e345-351){ref-type="table-fn"}   
  ------------------------- ------------------------------------- ------------------------------------ -------------------------------------------------------------- ----------------------------------------------------------
  Serum iron in μg/dL       163.1 ± 5.6; 162.1 (152.0--178.9)     169.6 ± 10.3; 173.3 (138.5--179.1)   3.338                                                          0.001[†](#tfn10-squmj1911-e345-351){ref-type="table-fn"}
  Serum ferritin in ng/dL   82.5 ± 61.5; 8.0 (7.0--201.0)         62.2 ± 58.3; 40.0 (13.0--215.0)      1.306                                                          0.174
  TIBC in μg/dL             394.5 ± 112.7; 407.7 (218.1--632.8)   370.7 ± 96.6; 381.4 (133.9--524.9)   0.554                                                          0.580
  TSAT in %                 44.9 ± 14.6; 39.6 (26.9--82.0)        50.4 ± 20.9; 46.2 (30.9--129.2)      0.932                                                          0.351

SD = standard deviation; CCHD = cyanotic congenital heart disease; TIBC = total iron-binding capacity; TSAT = transferrin saturation.

Using a Mann-Whitney U test.

Statistically significant at P \<0.050.

###### 

Iron status parameters according to iron sufficiency among children with cyanotic congenital heart disease in Lagos, Nigeria (N = 75)

  Parameter                 Mean ± SD      t value         *P* value   
  ------------------------- -------------- --------------- ----------- -------------------------------------------------------------
  Serum iron in μg/dL       163.8 ± 6.2    165.1 ± 9.9     0.123       0.573
  Serum ferritin in ng/dL   7.7 ± 4.6      84.0 ± 11.7     3.664       \<0.001[\*](#tfn12-squmj1911-e345-351){ref-type="table-fn"}
  TIBC in μg/dL             479.5 ± 98.7   377.2 ± 104.7   2.460       0.017[\*](#tfn12-squmj1911-e345-351){ref-type="table-fn"}
  TSAT in %                 43.0 ± 17.7    46.5 ± 14.1     0.598       0.522

SD = standard deviation; TIBC = total iron-binding capacity; TSAT = transferrin saturation.

Statistically significant at P \<0.050.
